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Abstract  Sliding wear behavior of laser-nitrided and
thermal  oxidation-treated  Ti-5SAI-5Mo-5V-1Cr-1Fe
(TC18) alloy fabricated by laser melting deposition (LMD)
has been investigated to improve on wear resistance of
laser melting deposited titanium alloy. The microstructure,
wear morphology, hardness and wear rate were examined
for the unmodified, laser-nitrided and thermal oxidation-
treated LMD Ti-5Al-5Mo-5V-1Cr-1Fe alloy. As com-
pared to a/ff basket weave microstructure with fine lamellar
o (hep) observed on the unmodified LMD Ti—-5Al-5Mo—
5V-1Cr—1Fe alloy, Ti, Ti,N and TiN were formed on the
LMD specimens after laser nitriding. After thermal oxi-
dation, a surface layer composed of rutile TiO, was formed
on the LMD specimens along with coarsening of o lath.
The increase in hardness and wear resistance of the laser-
nitrided LMD Ti—5A1-5Mo-5V-1Cr—1Fe alloy is attrib-
uted to hard dendritic TiN formed on the specimens. The
wear rate of the thermal oxidation-treated LMD specimens
was <1 % of that of the unmodified LMD specimens when
hardness of the former was twice as much as the latter. The
superior sliding wear resistance of the thermal oxidation-
treated LMD specimens is attributed to the presence of the
lubricious rutile oxide layer and hardened diffusion zone.
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1 Introduction

Recently, laser melting deposition (LMD) undergoes rapid
development in fabricating titanium alloy aerospace com-
ponents [1, 2]. Unlike traditional manufacturing methods
such as casting, laser melting deposition produces full
density near-net-shape components from powder with
shorter manufacturing cycle and higher material utilization
rate where no forming equipment is necessary. TCI18 tita-
nium alloy with the nominal composition of Ti—-5SAl-5Mo—
5V-1Cr-1Fe alloy is a near f-type titanium alloy which is
superior as aircraft structural material [3]. With high
strength after annealing among existing titanium alloys, it
has excellent long-term work performance below 350 °C
(<10,000 h) [4]. Apart from their attractive mechanical
properties, however, titanium alloys generally suffer from
poor wear resistance [5]. As compared to extensive
research performed on the microstructure and properties of
Ti-5SAl-5Mo-5V-1Cr-1Fe alloy, little attention has been
paid to the sliding wear behavior of laser melting deposited
Ti—5A1-5Mo-5V-1Cr—1Fe alloy. It is likely that some
form of surface engineering may be exploited to render
protection against wear damage for LMD Ti-5Al-5Mo-
5V-1Cr-1Fe alloy.

Laser nitriding is a popular way to improve the wear and
corrosion performance of titanium alloys. After laser
nitriding, a hard composite layer with low friction coeffi-
cient is generally obtained after solidification [6]. The
microstructure varies with processing parameters and nor-
mally comprises of fine nitride needles or dendrites
embedded in a nitrogen-rich titanium matrix [7]. Thermal
oxidation (TO) treatment from a tribological aspect is
another way to improve wear resistance of titanium alloys.
Ceramic coatings formed during controlled oxidation,
mainly rutile, can offer thick, highly crystalline oxide films
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to impart beneficial wear resistance to titanium alloy. 25000
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Wang et al. [8] and Guleryuz and Cimenoglu [9] investi- R Tll :

gated the thermal oxidation process for Ti6Al4V and
yielded a surface with a low friction coefficient, low wear
rate and high load-bearing capacity. Kumar reported that
thermal oxidation of titanium at a high temperature above
800 °C and extended period of time, however, would lead
to spallation of the oxide layer in spite of the thickness
[10]. In this paper, laser nitriding and TO treatment were
performed on LMD Ti-5A1-5Mo-5V-1Cr-1Fe alloy, and
the microstructure, wear scar and debris of the unmodified,
laser-nitrided and TO-treated LMD specimens were
examined along with the wear rate, hardness and friction
coefficient to investigate their sliding wear behavior.

2 Materials and methods
2.1 Material

Atomized Ti—-5A1-5Mo-5V-1Cr—1Fe alloy powder (Hai-
bao Special Metal Materials Co.) was used for laser
melting deposition on a LMD system with 8 kW continu-
ous-wave CO, laser. The composition of the powder is as
follows: 5.5 % Al, 4.82 % Mo, 4.82 % V, 1.02 % Cr,
1.05 % Fe, 0.024 % C, 0.021 % N, 0.10 % O, 0.0028 % H
(in wt%) and Ti as the remainder. During LMD, parameters
such as laser power of 3 kW, beam diameter of 4 mm and
scanning speed of 300 mm/min were used and duplex
annealing treatment was performed on the as-deposited
specimens. Laser nitriding was conducted on the annealed
LMD specimens using laser power of 3.5 kW, beam
diameter of 5 mm and scanning speed of 300 mm/min on
Rofin DC50 CO, laser. Argon was used to purge the air in
the chamber until oxygen was less than 80 ppm after which
the inlet gas was switched to nitrogen (4 MPa) for laser
nitriding. Thermal oxidation treatment was performed on
the annealed LMD specimens in aGSL-1700X tube furnace
(Hefei Kejing Materials Technology) at 650 °C under a gas
mixture of oxygen (80 %) and nitrogen at a flow rate of
150 cc/min. Heating rate of 10 °C/min and holding time of
48 h were used with furnace cooling to room temperature.

2.2 Tribological testing and characterization

The friction coefficients of the specimens sliding against
the AISI 52100 bearing steel (conforming to ASTM A295)
were measured on a M200 tester (Alfred J. Amsler & Co)
using a loading force of 200N with test speed of 200 rd/
min for 15 min. Dimension of the specimen was
10 mm x 10 mm x 15 mm, and the test geometry is
block-on-wheel. The specimens were cut from the plates of
the unmodified, laser-nitrided and TO-treated LMD Ti—
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Fig. 1 XRD result of thermal oxidation-treated LMD Ti-5Al-5Mo-
5V-1Cr-1Fe alloy

5A1-5Mo-5V-1Cr-1Fe alloy, respectively, and smooth-
ened using 1500-grit sandpaper. Inside and outside diam-
eters of the mating ring were 16 and 40 mm, and thickness
is 10 mm. Three specimens were tested under each con-
dition, and the average value was recorded. The morphol-
ogy of the wear scar and debris was observed on scanning
electron microscope (JEOL JSM-6510A), and elemental
analysis was performed using energy-dispersive spec-
troscopy (EDS). The microstructure of the specimens was
characterized using Rigaku DMax-RB X-ray diffractome-
ter (XRD). Microhardness measurements were made on the
polished cross sections of the specimens using an HV-1000
microhardness tester (Shanghai Aolong Xingdi Testing
Equipment Co.) with a Vickers indenter and a load of 2 N.
The distance between every two indentations was three
times longer than the indentation diagonal in order to
eliminate the stress field effect near the indentation. The
microhardness values reported in this paper are the average
values from three specimens.

3 Results and discussion
3.1 Microstructure

Unmodified LMD Ti-5AI-5Mo-5V-1Cr-1Fe alloy mainly
consisted of Ti, and some Ti,O was formed because Ti—
5Al-5Mo-5V-1Cr-1Fe alloy is active. Apart from Ti,
Ti,N and TiN that were reaction products derived from
laser nitriding were observed on laser-nitrided specimens
as in our earlier study on fretting wear of laser-nitrided
LMD Ti-5A1-5Mo-5V-1Cr—1Fe alloy [11]. Ti and rutile
TiO, were formed on TO-treated LMD Ti—-5A1-5Mo-5V-
1Cr—1Fe alloy as shown in Fig. 1 because thermal
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Fig. 2 Scanning electron micrograph of microstructure of: a unmodified LMD Ti-5A1-5Mo-5V-1Cr-1Fe alloy, b laser-nitrided and ¢ thermal

oxidation-treated LMD Ti—5Al-5Mo-5V-1Cr—1Fe alloy

oxidation under high oxygen content at elevated tempera-
tures facilitated transformation of metastable Ti,O to rutile
TiO, on the surface of specimens. Metallographic obser-
vation in Fig. 2a, b reveals o/f basket weave microstruc-
ture on the unmodified and laser-nitrided LMD Ti—5Al-
5Mo-5V-1Cr-1Fe alloy. Figure 2a shows that fine lamel-
lar o (hcp) growing in many directions was formed due to
rapid cooling rate used during laser melting deposition. The
aspect ratio of the o colonies, an average of the length of «
lath divided by its width, is 3.4. After laser nitriding, denser
microstructure was observed (see Fig. 2b). After TO
treatment, coarsening of primary o phase due to diffusion
was observed where the aspect ratio of o lath decreased to
2.5. As evidenced by the X-ray diffraction results, a thick
crystalline rutile surface oxide layer was formed on the
thermally oxidized specimen (see Fig. 2c).

3.2 Wear scar and debris morphology

The morphologies of the wear scar and debris are depicted
in Figs. 3 and 4, respectively. The tested surface of the
unmodified LMD Ti-5A1-5Mo-5V-1Cr—1Fe alloy was
identified with plowing grooves, fracture and craters along

with some attached micro-cutting chip. A mixture of plate,
flake and cutting chip-like debris was observed after sliding
wear of the unmodified LMD Ti-5A1-5Mo-5V-1Cr-1Fe
alloy. EDS analysis of the plate-like debris in Fig. 4 reveals
the preferential transfer of the unmodified LMD Ti—5Al-
5Mo-5V-1Cr-1Fe alloy onto the steel mating ring, which
is attributed to repeated plastic deformation and plowing
adjacent to the contacting surface. The worn surface of
laser-nitrided LMD Ti-5A1-5Mo-5V-1Cr-1Fe alloy was
characterized by some island-like plateaus dispersed onto
plowing streaks. In general, the flake-like wear debris
observed on laser-nitridled LMD Ti-5Al-5Mo-5V-1Cr-
1Fe alloy was smaller than that obtained on the unmodified
LMD Ti-5Al-5Mo-5V-1Cr-1Fe alloy. Besides, a few
spherical wear debris particles were observed (see Fig. 4d),
and EDS analysis reveals that they are composed of Ti—
5AI-5Mo-5V-1Cr-1Fe alloy. It indicates that during dry
sliding, frictional heating under repeated high contact stress
between the hard dendritic TiN and bearing steel contact-
ing surfaces invoked remelting of fragmented fine Ti-5Al-
5Mo-5V-1Cr-1Fe alloy wear debris and ensuing detach-
ment. Figure 3e reveals material pileup along both sides of
the wear track on thermal oxidation-treated Ti—5Al-5Mo—
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Fig. 3 Scanning electron micrograph of wear scar: a low magnifi-
cation and b high magnification of unmodified LMD Ti-5Al-5Mo—
5V-1Cr-1Fe alloy, ¢ low magnification and d high magnification of

5V-1Cr—1Fe alloy. Some streaks parallel to the sliding
direction were observed in the center of the worn surface
that was covered with a thin layer of irregular fine wear
debris particles. The area of the wear scar on the thermal
oxidation-treated LMD specimens was reduced signifi-
cantly as compared to that of the unmodified and laser-
nitrided LMD specimens, which indicates superior sliding
wear resistance. EDS analysis of the wear scar reveals the
presence of Ti—5A1-5Mo-5V-1Cr—1Fe alloy in the crater
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tion and f high magnification of thermal oxidation-treated LMD Ti—
5A1-5Mo-5V-1Cr-1Fe alloy

of the thermal oxidation-treated specimens (area a), while
the bright area within or along both sides of the wear track
as shown in region b is highly enriched in Fe and O,
indicating that they were transferred from the steel mating
ring during the sliding wear. As shown in Fig. 4e, f, the
wear debris of the thermal oxidation-treated LMD Ti-5Al-
5Mo-5V-1Cr-1Fe alloy consists of powder-like fine debris
and irregular chunks of powder agglomerates, which indi-
cates tribochemical reaction products. EDS analysis reveals
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Fig. 4 Scanning electron micrograph of wear debris: a low magni-
fication and b high magnification of unmodified LMD Ti-5Al-5Mo-—
5V-1Cr-1Fe alloy, ¢ low magnification and d high magnification of

that the wear debris is highly enriched in Fe and O, prob-
ably originating from iron oxides formed on the steel
mating ring due to oxidization under cycling stress and
frictional heating during dry sliding. Since a surface layer
of angular TiO, crystals was formed on the thermal oxi-
dation-treated LMD Ti-5A1-5Mo-5V-1Cr-1Fe alloy
which rendered a pair of ceramic/steel contacting surfaces
when it slid against the bearing steel, the transfer of steel
onto the worn Ti-5AI-5Mo-5V-1Cr-1Fe alloy surface

" "100um

SElI  10kV WD10mm  SS72 x400 50um

laser-nitrided Ti—-5Al-5Mo-5V-1Cr-1Fe alloy and e low magnifica-
tion and f high magnification of thermal oxidation-treated LMD Ti—
5A1-5Mo-5V-1Cr-1Fe alloy

might come from plowing of TiO, on the mating ring
rather than adhesion.

The microstructure of the unmodified, laser-nitrided and
thermal oxidation-treated LMD Ti-5A1-5Mo-5V-1Cr—
1Fe alloy after wear is shown in Fig. 5. For the unmodified
LMD Ti-5A1-5Mo-5V-1Cr-1Fe alloy, the worn surface
was rough and a few tearing open pits were observed on the
worn specimen. Plastic deformation in response to repeated
high contact stress against the mating surfaces was
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Fig. 5 Scanning electron micrograph of microstructure of: a unmodified LMD Ti-5A1-5Mo-5V-1Cr-1Fe alloy, b laser-nitrided and ¢ thermal
oxidation-treated LMD Ti—5Al-5Mo-5V-1Cr-1Fe alloy after sliding wear

observed on the unmodified and laser-nitrided LMD Ti-
5A1-5Mo-5V-1Cr-1Fe alloy after dry sliding. For the
thermal oxidation-treated LMD Ti-5A1-5Mo-5V-1Cr—
1Fe alloy, plastic deformation was initiated in the subsur-
face beneath the surface oxide layer. A hardened zone in
which lamellar « phase was distorted to accommodate
plastic deformation was observed beneath the oxide/metal
interface.

3.3 Wear rate, hardness and friction coefficient

The wear rates in terms of volume loss per unit of the total
sliding distance (mm?® m™"), friction coefficient and hard-
ness of the unmodified, laser-nitrided and thermal oxida-
tion-treated LMD Ti-5A1-5Mo-5V-1Cr-1Fe alloy are
shown in Figs. 6, 7 and 8. It can be seen that surface
treatment played an important role in determining the wear
loss of the specimen. Under sliding against the bearing
steel, the wear rate of the laser-nitrided LMD Ti-5Al-
5SMo—-5V-1Cr-1Fe alloy decreased 26 % as compared to
the unmodified LMD specimens when their friction coef-
ficients were similar. Hard dendritic TiN formed on the
laser-nitrided LMD specimens is attributed to the
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Fig. 6 Wear rate of unmodified, laser-nitrided and thermal oxidation-
treated LMD Ti-5A1-5Mo-5V-1Cr-1Fe alloy

improvement on wear resistance. After laser nitriding, a
15 % increase in the hardness of LMD Ti-5A1-5Mo-5V-
1Cr-1Fe alloy resulted in enhanced elastic contact that
favored low adhesion between the contacting surfaces. The
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Fig. 7 Friction coefficient of unmodified, laser-nitrided and thermal
oxidation-treated LMD Ti-5Al-5Mo-5V-1Cr-1Fe alloy

1000

800

600

400

Hardness (HV)

SEN

200 -

Thermal oxidation-
-treated LMD TC18

Laser nitrided

LMD TC18 LMD TC18

Specimens

Fig. 8 Hardness of unmodified, laser-nitrided and thermal oxidation-
treated LMD Ti-5A1-5Mo-5V-1Cr-1Fe alloy

wear rate of the thermal oxidation-treated LMD Ti-5Al-
5Mo-5V-1Cr-1Fe alloy was <1 % of that of the unmod-
ified LMD specimens. During thermal oxidation, solution
of oxygen into o-Ti induced solid solution hardening that
rendered the specimens double hardness. In the meantime,
the rutile surface oxide layer formed on the thermally
oxidized LMD specimen effectively impeded plastic
deformation during dry sliding (see Fig. 5c) due to low
shear strength coming from its particular crystallographic
shear plane [12]. The low wear rate of the thermal oxida-
tion-treated LMD Ti-5Al1-5Mo-5V-1Cr-1Fe alloy is
attributed to high elastic contact of the hardened diffusion

zone as well as oxidation wear mechanisms operating
between the contacting surfaces.

4 Conclusions

The unmodified LMD Ti-5A1-5Mo-5V-1Cr-1Fe alloy
mainly comprised Ti in the form of o/ff basket weave
microstructure, and Ti, Ti,N and TiN were observed on
laser-nitrided LMD specimens. After thermal oxidation, a
surface layer composed of rutile TiO, was formed on LMD
specimens along with coarsening of o lath. Small flake-like
wear debris coupled with a few remelted Ti-5Al-5Mo-
5V-1Cr—1Fe alloy particles were formed on the laser-ni-
trided LMD specimens after sliding wear. The increase in
hardness and wear resistance of the laser-nitrided LMD Ti—
5A1-5Mo-5V-1Cr-1Fe alloy is attributed to hard dendritic
TiN formed on the specimens. After thermal oxidation, the
area of the wear scar was reduced significantly and pow-
der-like fine debris originating from complex iron oxides
was observed. The wear rate of the thermal oxidation-
treated LMD Ti-5Al-5Mo-5V-1Cr-1Fe alloy was less
than 1 % of that of the unmodified LMD specimens when
hardness of the former was twice as much as the latter. The
superior sliding wear resistance of the thermal oxidation-
treated LMD specimens is attributed to the presence of the
lubricious rutile oxide layer and hardened diffusion zone.
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